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1. Introduction {#s0005}
===============

In recent years, the greenhouse effect mainly caused by greenhouse gas emissions has continued to accumulate ([@bb0315]), further leading to rising temperatures and global warming, which has caused widespread concern in the international community ([@bb0185]; [@bb0260]). The 2015 Paris Agreement clearly stated a globally pursued goal, i.e., all parties will strengthen their capacity to address climate change challenges, command the increase of global average temperature to not \>2 °C compared with pre-industrial levels, and try to control within 1.5 °C ([@bb0130]; [@bb0230]). However, in the "Environment Emissions Gap Report 2019", the United Nations Environment Programme stated that by 2018, the global carbon emissions exceeded 55 billion tons, which indicates an average annual growth of 1.5% over the past decade. The program further explained that to accomplish the temperature command target of 1.5 °C, global carbon emissions will have to be reduced by 7.6% per year over the next 10 years, and the emission reduction targets of all countries must be increased by more than five times of the current level ([@bb0210]). The urgency of the emission reduction process has been acknowledged by various countries around the world. However, in-depth explorations of the causes of carbon emissions indicated that the increase of energy demand is caused by economic growth ([@bb0345]). Therefore, the current global dilemma of emissions reduction originates from the desire of global countries to achieve economic development.

The coordinated development of both economic increase and carbon emissions has become an important prerequisite for the successful realization of the stipulated global carbon emission reduction goals. The reason for this is that no country will perform its emission reduction responsibilities as scheduled if this requires the undermining of economic growth ([@bb0340]). Therefore, decoupling both has received worldwide attention and is typically referred to as an important theory that enables the coordination between economic development and environmental damage reduction ([@bb0205]). Furthermore, decoupling has been proposed as policy objective by many countries and international organizations ([@bb0205]; [@bb0280]). The top six CO~2~ emitters (C6) China, USA, India, Russia, Japan, and Germany cause 60.42% of the global CO~2~ emissions ([@bb0040]). Moreover, C6 countries achieve 52.44% of the global economic output ([@bb0275]).

Due to the important status of C6 countries within the global economy and with regard to global carbon emissions in particular, exploring the trends for the decoupling of economic development from CO~2~ emissions, and the understanding of the driving forces behind this decoupling have significant implications not only for C6 countries but also for other countries in the world. The contribution of this study mainly lies in the following three aspects:•In view of the important status of top six CO~2~ emitters in the global economy and global carbon emissions, but lack of research, this paper utilizes the series of decoupling analysis to explore the decoupling states and driving forces behind the decoupling to make up for this vacancy.•As for exploring the driving factors of decoupling elasticity, this paper combines the extended factor decomposition method and the Tapio decoupling model to find out the mechanism by which the driving factors act on the decoupling states.•In view of the important role of research and development in reducing carbon emissions and further achieving decoupling, this paper incorporates R&D efficiency effect and per capita R&D expenditure effect into the drivers of carbon emissions, and quantifies the extent of their impact on decoupling of carbon emissions from economy by extending the Kaya formula.

The organization of the rest of this paper is below: [Section 2](#s0010){ref-type="sec"} reviews the literature related to decoupling theory. [Section 3](#s0045){ref-type="sec"} presents data source and model approach which includes decoupling index and decomposition model. [Section 4](#s0065){ref-type="sec"} introduces the main decoupling and decomposition results. Conclusions and policy recommendations are presented in [Section 5](#s0105){ref-type="sec"}.

2. Literature review {#s0010}
====================

2.1. Literature review on decoupling method {#s0015}
-------------------------------------------

### 2.1.1. Literature review on the development of decoupling method {#s0020}

Decoupling can expose the relationship between global or individual environmental pollution and economic development, can be used to indicate asynchronous changes in environmental pollution and economic growth. Such decoupling can achieve low-carbon development at a quantitative level, and was first utilized in the environmental field by Zhang in 2000 ([@bb0380]). In 2002, the OECD first proposed the concept of decoupling indicators and began a quantitative analysis of decoupling ([@bb0205]). Immediately thereafter, Juknys expanded the decoupling indicators in the OECD decoupling model ([@bb0115]), and Vehmas et al. established a comprehensive decoupling framework in 2003 ([@bb0290]; [@bb0295]). Based on this development of decoupling research, Tapio first proposed decoupling elasticity and expanded the decoupling index to 8 categories in 2005 ([@bb0270]). In 2007, Diakoulaki and Mandaraka established a decoupling effort model, which is based on the Tapio decoupling model and refined Laspeyres model ([@bb0070]). The continuous improvement of decoupling by many scholars has promoted its application at an unprecedented level.

### 2.1.2. Literature review on the application of decoupling method {#s0025}

Most decoupling studies focused on a single region, including the national level ([@bb0090]; [@bb0175]; [@bb0245]; [@bb0340]), the provincial level ([@bb0105]; [@bb0255]; [@bb0385]), and the level of a specific city ([@bb0225]; [@bb0265]; [@bb0325]). [@bb0395] investigated the decoupling of the economic development from China\'s CO~2~ emissions by applying Tapio\'s decoupling model. The findings showed that China achieved only weak decoupling from 1992 to 2012. The effects of energy intensity and economic output played the most significant role for decoupling process. [@bb0245] developed a two-level decomposition analysis to investigate Colombia\'s decoupling between economy and energy consumption during 2000-2015. The results identified strong decoupling between 2000 and 2007 (but not after 2008, due to the intensity effect). [@bb0045] employed the Tapio decoupling method to assess the connection between Macau\'s greenhouse gas emissions and its economy, and showed that Macau\'s economy has a clear decoupling trend and can be characterized by weak decoupling. [@bb0235] applied the decoupling effort method to assess the progress of decoupling carbon emissions from economy in Greece. The main findings displayed that a weak decoupling effect was achieved frequently, and only a few years had no decoupling effect. [@bb0365] employed Tapio decoupling model to investigate the decoupling index of China\'s industrial output and carbon emissions. Their findings displayed that the decoupling of the manufacturing sector was best within the industrial sectors. [@bb0075] evaluated the decoupling status between Cameroon\'s economy and its carbon emissions from 1990 to 2015 by applying Tapio decoupling model. Engo found that Cameroon experienced weak decoupling during the entire research time. [@bb0305] found that the decoupling between China\'s economy and carbon emissions is mainly characterized by expansive negative decoupling and weak decoupling. Given that Australia is among the top ten greenhouse gas emitters, [@bb0135] used the Tapio decoupling method to study the connection between carbon emissions and economy in various Australian sectors between 1990 and 2015. They found that agricultural and commercial services showed strong decoupling, while other sectors showed weak decoupling. [@bb0375] used Chongqing as an example to explore the decoupling between economic development and six environmental pollution indicators by using the OECD decoupling model. The reported results showed that SO~2~ emissions, soot, and waste water showed absolute decoupling, while energy consumption, carbon emissions, and solid waste showed relative decoupling during 1999--2010. Technological changes played the greatest role to cause decoupling of all environmental pollution indicators while the economic structure played only a very small positive or negative decoupling effect.

Decoupling studies on specific regions are typically very detailed, while comparative decoupling studies that investigate multiple regions are rare ([@bb0250]; [@bb0360]). [@bb0335] compared the decoupling of carbon emissions and economy between the United States and China between 2000 and 2014. The main findings revealed that the United States mainly experienced weak decoupling and strong decoupling, and China was mainly characterized by expansive coupling and weak decoupling. [@bb0285] found that V4 countries generally experienced strong decoupling, indicating that greenhouse gas emissions have decreased while economic growth has been retained. [@bb0150] studied the decoupling of CO~2~ emissions of 30 Chinese provinces using their agricultural output during 1997--2014. The results indicated that East China had strong decoupling states. [@bb0165] used countries of the EU-15 group as research object, and utilized both the Tapio decoupling method and the LMDI method. They developed a decoupling effort index to estimate the impact of specific drivers on the decoupling index between carbon emissions and economic growth. [@bb0400] compared the decoupling of economic development and industrial carbon emissions of 8 regions in China during 1996--2012. The reported results identified weak decoupling in most regions. [@bb0355] discussed the decoupling between economic development and CO~2~ emissions of representative developed and developing countries. Their results identified strong decoupling in developed countries, while developing countries demonstrated weak decoupling. By comparing the relationship between India and China\'s carbon emissions and economic growth, [@bb0330] found that China\'s decoupling status is dominated by weak decoupling, while India\'s volatility is large.

The existing research shows that whether a single region or multiple regions are investigated, the Tapio decoupling model is the best choice for many scholars ([@bb0120]; [@bb0350]). When the connection between carbon emissions and economy is investigated, scholars generally focus on a single region, and comparative analysis of multiple regions is rare. Moreover, when analyzing multiple regions, many scholars conduct comparative analysis mainly based on location or economic relationships, while few scholars focus on a country\'s carbon emissions rank in the world. However, the top six countries with regard to carbon emissions are the major contributors to the global carbon emissions; therefore, the realization of low-carbon economic development in the C6 countries is critical toward achieving global carbon emissions targets.

2.2. Literature review on factor decomposition {#s0030}
----------------------------------------------

### 2.2.1. Literature review on the development of factor decomposition {#s0035}

Decoupling analysis can determine the connection between carbon emissions and economy in these C6 countries. However, decoupling carbon emissions from the economy requires a further exploration of the mechanisms underlying decoupling. In general, the drivers for environmental changes are identified using decomposition analysis. Structural decomposition analysis (SDA) and index decomposition analysis (IDA) are the main components of the decomposition method. ([@bb0065]; [@bb0370]). SDA has developed into a mainstream economic analysis tool in the field of input-output technology, but the application of this method needs to be built on the input-output table ([@bb0320]). Therefore, the lack of input-output table hinders the further promotion of the SDA method ([@bb0310]).

On the contrary, the IDA method is widely used, and there are many derivative methods ([@bb0100]). Among the derivative methods of IDA method, the most common methods can be divided into Laspeyres decomposition method and the Divisia decomposition method ([@bb0155]). The Laspeyres decomposition method can explore the percentage change of various factors during the study period. Because this method is easy to explain the results, it has been applied by institutions and scholars ([@bb0170]). However, the decomposition results of the Laspeyres decomposition method have residual errors, and complex formulas are needed to solve the residual errors ([@bb0010]). The Divisia decomposition method is based on the logarithmic change to study the change of the weight of each factor in the total amount, which was applied to the energy decomposition by Boyd in 1987 ([@bb0035]). Then, the Divisia decomposition method has been extended and improved by other scholars ([@bb0015]; [@bb0020]; [@bb0025]). Among them, because the LMDI decomposition method is simple to calculate and has no residual error, it has become the factor decomposition method preferred by many scholars ([@bb0145]; [@bb0160]).

### 2.2.2. Literature review on the application of factor decomposition {#s0040}

Based on the LMDI decomposition method, many scholars have focused on the driving forces that under carbon emissions ([@bb0110]; [@bb0240]). [@bb0200] studied the top 23 countries, ranked by their renewable energy consumption, and explored the drivers affecting carbon emissions using LMDI method. These were financial development, fossil fuels intensity, renewable source productivity, trading of fossil fuels, carbon trade intensity, and electricity financial power. [@bb0050] decomposed Malaysia\'s carbon emissions into six major drivers with a specific focus on measuring the role of technology drivers. The results showed that the effects of technology drivers on carbon emission increased. [@bb0140] utilized the LMDI method to decompose Kazakhstan\'s energy-related carbon emissions into the following effects: economic active, population, energy intensity, and energy CO~2~ structure. They found economic and population growth promoted the growth of carbon emissions, while energy intensity and energy CO~2~ structure effect suppressed carbon emission growth. [@bb0080] studied the main influencing factors industrial carbon emissions in China by applying the LMDI method. Income effect and labor effect were identified as the two largest contributors to promoting carbon emissions. Energy intensity and carbon emission coefficient were identified as two major factors that suppress carbon emissions. [@bb0220] quantified the effects of activity, structure, energy intensity, fuel mix, and emission factors for carbon emissions of the manufacturing sector in East Azerbayjan. The results showed that activity levels and emission factors exerted an active role for carbon emission growth. [@bb0095] employed LMDI method and the system dynamics method to estimate the impact of several new drivers on Shanghai\'s carbon emissions. They found that the promotion of public transportation and the optimization of the power generation structure would help to reduce Shanghai\'s carbon emissions. [@bb0060] assessed the impact of energy efficiency, as well as the structure and development level of the transport sector on the carbon emissions in the Tunisian transport industry. The findings displayed that the rapid increase in carbon emissions was caused by the improvement of the level of transport development. Applying the LMDI method, [@bb0055] showed that changes in the economic structure are conducive to reducing carbon emissions and carbon intensity in the Thai industrial sector; however, energy intensity has led to an increase in both. [@bb0005] investigated the impact drivers of carbon emissions for Turkey\'s five major sectors, and identified economic activity and energy intensity as decisive factors for carbon emissions. Reviewing the above literature indicates that scholars from various countries have used the LMDI model to decompose and analyze the carbon emissions of different research objects. In general, economic activity and energy intensity were identified as key drivers.

Carbon emission reduction is a common global goal, which has led scholars to extensively study the mechanism underlying the growth of carbon emissions ([@bb0190]; [@bb0195]). However, due to the special connection between carbon emissions and economic growth, we cannot blindly trigger an economic downturn just to reduce carbon emissions. However, due to the special connection between carbon emissions and economy, economic decline cannot be blindly triggered simply to achieve carbon emission reduction. Therefore, it is even more important to achieve between decoupling carbon emissions and economy by exploring the mechanism that impact the relationship between both ([@bb0180]). [@bb0390] introduced the decomposition results of the LMDI method to Tapio decoupling model, and focused on measuring the impacts of investment scale, investment share, and investment efficiency on decoupling of industrial carbon emissions in China. They identified investment scale as an important factor that inhibited the decoupling process. [@bb0335] employed the LMDI method and the Tapio decoupling model to compare the decoupling state and driving factors of decoupling state between China and the United States. They found that both the economy and population limited the decoupling process. [@bb0395] identified the influencing factors of carbon emissions in China, and measured the effect of every driver on the decoupling of economic growth from carbon emissions in China. The main findings identified energy intensity and economy as the most significant drivers that affect economic decoupling in China. Investigations of the influencing factors of decoupling indicators are fewer than investigations of the influencing factors of carbon emissions. In addition, the influencing factors of decoupling indicators are not much different from the influencing factors of carbon emissions, since they are usually carbon intensity, energy structure, energy intensity, economic growth, and population.

Many scholars have explored the determinants of carbon emissions and reported that technological progress reduced environmental degradation ([@bb0215]). Therefore, many countries often seek to curb their carbon emissions by improving technological progress, which results in increasing R&D expenditures in various countries. [@bb0085] and [@bb0030] analyzed the impact of R&D expenditures on carbon emissions; however, the impact of R&D expenditures on the decoupling of carbon emissions from economy has rarely been investigated. With regard to the importance of R&D expenditure toward carbon emission reduction, this paper focused on the impact of both the efficiency and scale of R&D on the decoupling process of carbon emissions and economic growth in C6 countries.

To realize the global carbon emission reduction target, this paper targets the C6 countries, which occupy an important position with regard to economy and carbon emissions. The decoupling process and its driving factors are explored in the C6 countries. First, the Tapio decoupling model was used to analyze the decoupling state of carbon emissions and economic growth in C6 countries, and to further clarify the connection between carbon emissions and economy; secondly, the Kaya formula is extended, mainly considering the R&D efficiency and R&D scale as driving factors of carbon emissions; finally, the Tapio decoupling method and the LMDI model were combined to quantify the specific impact of drivers on decoupling carbon emissions from economy.

3. Methodology and data {#s0045}
=======================

The methodological flow diagram in this paper is shown in [Fig. 1](#f0005){ref-type="fig"} , and the specific method description and derivation are shown in [3.1](#s0050){ref-type="sec"}, [3.2](#s0055){ref-type="sec"}.Fig. 1The methodological flow diagramFig. 1

3.1. Decoupling index {#s0050}
---------------------

According to the study of [@bb0270], the decoupling index of CO~2~ emissions from economic output is shown in Eq. [(1)](#fo0005){ref-type="disp-formula"}:$$\varepsilon = \frac{\%\mathit{\Delta C}}{\%\mathit{\Delta G}} = \frac{\mathit{\Delta C}/C^{0}}{\mathit{\Delta G}/G^{0}}$$

Here, %△C represents the percentage of CO~2~ emission changes, %△G represents the percentage of GDP changes, and △ represents the period between the initial year 0 and the tail year t. Based on ε, the Tapio decoupling elasticity provides more detailed decoupling possibilities, which are presented in [Table 2](#t0005){ref-type="table"} .Table 2The states of Tapio decoupling ([@bb0270]).Table 2Decoupling state△C△G*ε*DecouplingWeak decoupling\>0\>00 \< *ε*\<0.8Strong decoupling\<0\>0*ε* \< 0Recessive decoupling\<0\<0*ε* \> 1.2Negative decouplingExpansive negative decoupling\>0\>0*ε* \> 1.2Weak negative decoupling\<0\<00 \< *ε*\<0.8Strong negative decoupling\>0\<0*ε* \< 0CouplingExpansive coupling\>0\>00.8 \< *ε* \< 1.2Recessive coupling\<0\<00.8 \< *ε* \< 1.2

Three categories of decoupling were identified: decoupling, negative decoupling, and coupling. The decoupling stage can be subdivided into weak decoupling, strong decoupling, and recessive decoupling. The negative decoupling stage can be subdivided into expansive negative decoupling, weak negative decoupling, and strong negative decoupling. The coupling stage is subdivided into expansive coupling and recessive coupling. Under the premise that both economic output and CO~2~ emissions increase, weak decoupling comes when the economic output grows faster than CO~2~ emissions and expansive negative decoupling occurs when CO~2~ emissions grow faster than economic output. Under the premise that economic output and CO~2~ emissions both show a negative change, recessive decoupling occurs when CO~2~ emissions decline faster that economic output and weak negative decoupling occurs when economic output declines faster than CO~2~ emissions. Coupling occurs when both economy and CO~2~ emission change toward the same direction at almost equal rates. Strong decoupling represents the ideal state in a lowcarbon economy, where economic growth can be achieved by decreasing CO~2~ emissions. Strong negative decoupling has the least desirable trait, where CO~2~ emissions increase despite decreasing economic growth.

3.2. Decomposition model {#s0055}
------------------------

The CO~2~ emissions can be decomposed via Eq. [(2)](#fo0010){ref-type="disp-formula"}, following ([@bb0125]):$$\begin{array}{l}
{C = \sum_{i = 1}^{3}C_{i} = \sum_{i = 1}^{3}\frac{C_{i}}{E_{i}} \times \frac{E_{i}}{E} \times \frac{E}{G} \times \frac{G}{R} \times \frac{R}{P} \times P} \\
{\mspace{14mu} = EC_{i} \times EM_{i} \times \mathit{EI} \times \mathit{RE} \times \mathit{PR} \times P} \\
\end{array}$$

Here, i represents the energy type (*i* = 1 represents coal, *i* = 2 represents oil and *i* = 3 represents natural gas). [Table 3](#t0010){ref-type="table"} shows the meaning of the symbols in Eq. [(2)](#fo0010){ref-type="disp-formula"}.Table 3Definitions of variables in Eq. [(2)](#fo0010){ref-type="disp-formula"}.Table 3VariableDefinition*C*~*i*~CO~2~ emissions arising from the ith energy*E*~*i*~The ith energy consumption*E*Total Energy consumption*G*GDP in constant 2010 US\$*R*R&D expenditure*EC*~*i*~Carbon emission coefficient of the ith energy type*EM*~*i*~Energy mix, measured by the ratio of ith energy use to total energy use*EI*Energy intensity, measured by the ratio of total energy use to GDP*RE*R&D efficiency*PR*Per capita R&D expenditure*P*Population

According to the additive LMDI model ([@bb0015]), the aggregated CO~2~ emissions changes, are decomposed into six driving forces as shown in Eq. [(3)](#fo0015){ref-type="disp-formula"}: emission coefficient effect, energy structure effect, energy intensity effect, R&D efficiency effect, per capita R&D expenditure effect, and population effect.$$\mathit{\Delta C} = C_{t} - C_{0} = \Delta C_{\mathit{EC}} + \Delta C_{\mathit{EM}} + \Delta C_{\mathit{EI}} + \Delta C_{\mathit{RE}} + \Delta C_{\mathit{PR}} + \Delta C_{P}$$

The effects of driving forces of CO~2~ emission changes from period 0 to t are calculated using Eqs. [(4)](#fo0020){ref-type="disp-formula"}, [(5)](#fo0025){ref-type="disp-formula"}, [(6)](#fo0030){ref-type="disp-formula"}, [(7)](#fo0035){ref-type="disp-formula"}, [(8)](#fo0040){ref-type="disp-formula"}, [(9)](#fo0045){ref-type="disp-formula"}, [(10)](#fo0050){ref-type="disp-formula"}.$$\Delta C_{\mathit{EC}} = \sum_{i = 1}^{3}L\left( {C_{i}^{t},C_{i}^{0}} \right)\ln\frac{EC_{i}^{t}}{EC_{i}^{0}}$$ $$\Delta C_{\mathit{EM}} = \sum_{i = 1}^{3}L\left( {C_{i}^{t},C_{i}^{0}} \right)\ln\frac{EM_{i}^{t}}{EM_{i}^{0}}$$ $$\Delta C_{\mathit{EI}} = \sum_{i = 1}^{3}L\left( {C_{i}^{t},C_{i}^{0}} \right)\ln\frac{EI_{i}^{t}}{EI_{i}^{0}}$$ $$\Delta C_{\mathit{RE}} = \sum_{i = 1}^{3}L\left( {C_{i}^{t},C_{i}^{0}} \right)\ln\frac{RE_{i}^{t}}{RE_{i}^{0}}$$ $$\Delta C_{\mathit{PR}} = \sum_{i = 1}^{3}L\left( {C_{i}^{t},C_{i}^{0}} \right)\ln\frac{PR_{i}^{t}}{PR_{i}^{0}}$$ $$\Delta C_{P} = \sum_{i = 1}^{3}L\left( {C_{i}^{t},C_{i}^{0}} \right)\ln\frac{P_{i}^{t}}{P_{i}^{0}}$$ $$L\left( {C_{i}^{t},C_{i}^{0}} \right) = \left\{ \begin{matrix}
{\frac{C_{i}^{t} - C_{i}^{0}}{\ln C_{i}^{t} - \ln C_{i}^{0}},C_{i}^{t} \neq C_{i}^{0}} \\
{C_{i}^{t}\ \mathit{or}\ C_{i}^{0},C_{i}^{t} = C_{i}^{0}} \\
\end{matrix} \right.$$

Inputting Eq. [(3)](#fo0015){ref-type="disp-formula"} into Eq. [(1)](#fo0005){ref-type="disp-formula"} yields the decoupling index *ε* as expressed in Eq. [(11)](#fo0055){ref-type="disp-formula"}. Six factors affect the decoupling elasticity: *ε* ~*ec*~ for carbon emission coefficient, *ε* ~*em*~ for energy mix, *ε* ~*ei*~ for energy intensity, *ε* ~*re*~ for R&D efficiency, *ε* ~*pr*~ for per capita R&D expenditure, and *ε* ~*p*~ for population.$$\begin{array}{l}
{\varepsilon = \frac{\mathit{\Delta C}/C^{0}}{\mathit{\Delta G}/G^{0}}} \\
{= \frac{\left( {\Delta C_{\mathit{EC}} + \Delta C_{\mathit{EM}} + \Delta C_{\mathit{EI}} + \Delta C_{\mathit{RE}} + \Delta C_{\mathit{PR}} + \Delta C_{P}} \right)/C^{0}}{\mathit{\Delta G}/G^{0}}} \\
{= \frac{\Delta C_{\mathit{EC}}/C^{0}}{\mathit{\Delta G}/G^{0}} + \frac{\Delta C_{\mathit{EM}}/C^{0}}{\mathit{\Delta G}/G^{0}} + \frac{\Delta C_{\mathit{EI}}/C^{0}}{\mathit{\Delta G}/G^{0}} + \frac{\Delta C_{\mathit{RE}}/C^{0}}{\mathit{\Delta G}/G^{0}} + \frac{\Delta C_{\mathit{PR}}/C^{0}}{\mathit{\Delta G}/G^{0}} + \frac{\Delta C_{P}/C^{0}}{\mathit{\Delta G}/G^{0}}} \\
{= \varepsilon_{\mathit{ec}} + \varepsilon_{\mathit{em}} + \varepsilon_{\mathit{ei}} + \varepsilon_{\mathit{re}} + \varepsilon_{\mathit{pr}} + \varepsilon_{p}} \\
\end{array}$$

3.3. Data source {#s0060}
----------------

This study investigated the period from 1996 to 2014. The data for energy-related CO~2~ emissions, GDP, R&D expenditure, and population data originate from [@bb0275] (<https://data.worldbank.org/>). Energy consumptions were derived via the [@bb0040] (<https://www.bp.com/>). To eliminate the impact of price volatility, both GDP and R&D expenditures were converted to 2010 constant \$.

4. Results {#s0065}
==========

4.1. Overview of economic development and CO~2~ emissions in C6 countries {#s0070}
-------------------------------------------------------------------------

As illustrated in [Fig. 2](#f0010){ref-type="fig"} , all C6 countries had different economic growth rates, during the study period. The GDPs of China, USA, India, Russia, Japan, and Germany in 2014 were 5.13 times, 1.53 times, 3.04 times, 2.00 times, 1.13 times, and 1.28 times of those of the base year, respectively. The USA has the largest economy, with an annual economic growth rate of 2.40%. A significant slowdown of USA\'s GDP was only found for 2007--2008, which was caused by a severe financial crisis. China\'s economic output exceeded that of Japan in 2009. China enjoyed a spectacular economic growth especially since the reform and opening-up in the late 1970s, and retained an annual growth rate of 9.51% throughout the study phase. Although Japan\'s economic output is among the top three in the world, it is in a state of weak economic growth, which is characterized by the lowest annual growth rate (0.70%) among the other C6 states. As an emerging economy, India has a smaller economic base; however, in recent years, it has experienced rapid economic growth with an average annual increase rate of 6.37%, which is second only to that of China. Russia\'s economic output has been higher than that of India in 1996--2008; however, it has declined in 2008--2009 due to an economic crisis and has since then remained lower than India\'s economic output. Germany\'s economic growth trend was very similar to that of Japan, with an average annual increase rate of only 1.36%. According to this analysis, with regard to the average annual growth rate of economy, China, India, and Russia (all developing countries) outperform the developed countries of USA, Japan, and Germany.Fig. 2Trends of GDP in the C6 countries during 1996--2014 (in billion dollars).Fig. 2

In general, the CO~2~ emissions showed similar trends to the economic performances ([Fig. 3](#f0015){ref-type="fig"} ). In 2014, the CO~2~ emissions of China, USA, India, Russia, Japan, and Germany were 2.81 times, 1.00 times, 2.50 times, 1.04 times, 1.02 times, and 0.81 times of those of the base year, respectively. The annual CO~2~ emission growth rates of all C6 countries were slightly lower than that of the GDP. Although the USA has retained a large carbon emissions base, China exceeded the USA and became the largest emitter since 2006. CO~2~ emissions experienced an enormous growth in China, which accelerated particularly since the early 2000s. The amount of CO~2~ emissions in the other four countries was relatively small. India\'s CO~2~ emissions exceeded that of Russia in 2009, and became the third CO~2~ emitter in the world. The developed countries Japan and Germany emitted less carbon emissions than the developing countries India and Russia. It is worth noting that carbon emissions in Russia, Japan, and USA showed a significant decreasing trend during the study period.Fig. 3Trends of CO~2~ emissions in C6 countries during 1996--2014 (in Mt).Fig. 3

4.2. Decoupling trend {#s0075}
---------------------

To further clarify the results, the long study period was divided into four sub-periods to investigate the overall decoupling trend.

### 4.2.1. Phase I (1996--2000) {#s0080}

[Fig. 4](#f0020){ref-type="fig"} shows that the decoupling status between CO~2~ emissions and economy in C6 countries during Phase I concentrated on weak and strong decoupling. This is a very positive signal, since both states indicate the best development direction during the decoupling process. From the perspective of each country, China and Germany have optative decoupling statuses, which were strongly decoupled, and both occurred between 1996 and 1999. The economic output of the USA and India grew faster than their carbon emissions during Phase I; therefore, both countries have mainly experienced weak decoupling and expansive coupling. Japan experienced strong decoupling during 1996--1997 and weak decoupling during 1998--2000. The variation span of the decoupling state of Russia was large, and the decoupling state differed each year. Russia undergone the most favorable decoupling status (strong decoupling) in 1996--1997, but also experienced the most detrimental decoupling status (strong negative decoupling) in 1998--1999.Fig. 4Decoupling states of C6 countries in 1996--2000.Fig. 4

### 4.2.2. Phase II (2000--2005) {#s0085}

[Fig. 5](#f0025){ref-type="fig"} clearly indicates that the decoupling states of C6 countries in Phase II are more concentrated during the first quadrant and the fourth quadrant than during Phase I. Furthermore, no negative expansion decoupling was found, and the third quadrant only appeared once, i.e., recessive coupling appeared affected Germany in 2002--2003. India experienced a single state of decoupling, and weak decoupling occupied the entire Phase II. Both the USA and Russia have only experienced the two decoupling states of weak decoupling and strong decoupling; the key difference is that the USA is characterized by weak decoupling, while Russia is characterized by strong decoupling. China\'s carbon emissions increased faster than its GDP in 2001--2005, and experienced both negative expansion decoupling and expansive coupling. Strong decoupling occurred in Japan both during 2000--2001 and 2004--2005, indicating that carbon emissions have declined in the state of economic growth.Fig. 5Decoupling states of C6 countries in 2000--2005.Fig. 5

### 4.2.3. Phase III (2005--2010) {#s0090}

As shown in [Fig. 6](#f0030){ref-type="fig"} , the decoupling states that appeared during Phase III were expanding compared to Phase II. This is based on the premise of simultaneous decline of economy and carbon emissions. The decoupling status that appeared in the third quadrant was concentrated during 2007--2009, which was mainly affected by a financial crisis. However, the decoupling between China and India was spread throughout the first and fourth quadrants, and economic output has not declined as a result of the economic crisis. Recessive decoupling occurred in the USA, Japan, and Germany during 2007--2009, 2007--2009, and 2008--2009, respectively, indicating that carbon emissions decreased faster than economic output. Recessive coupling occurred in Russia during 2008--2009, indicating that CO~2~ emission decline was roughly identical to that of the economy. China experienced expansive coupling and weak decoupling in this period. India\'s carbon emissions increased faster than its economic output, with expansive negative decoupling during 2007--2009.Fig. 6Decoupling states of C6 countries in 2005--2010.Fig. 6

### 4.2.4. Phase IV (2010--2014) {#s0095}

Similar to Phase II, the decoupling states in 2010--2014 were concentrated in the first quadrant and the fourth quadrant, and strong decoupling was more prevalent ([Fig. 7](#f0035){ref-type="fig"} ). During Phase IV, China\'s decoupling has gradually improved, from expansive coupling in 2010--2011 to weak decoupling in 2011--2013. China\'s decoupling then experienced the most beneficial strong decoupling in 2013--2014. In the USA, carbon emissions declined in 2010--2012, showing strong decoupling, and increased in 2012--2014, showing weak decoupling. During Phase IV, India was characterized by expansive negative decoupling, showing the carbon emission increase rate exceeded the economic increase rate. Russia and Germany mainly experienced strong decoupling and expansive negative decoupling. In Japan, the decoupling status gradually improved during Phase IV, but experienced strong negative decoupling in 2010--2011, when carbon emissions increased, while the economy declined. During 2011--2012, Japan\'s decoupling status first became weak decoupling, and then became strong decoupling.Fig. 7Decoupling states of C6 countries in 2010--2014.Fig. 7

4.3. Analysis of decomposition results of decoupling indicators {#s0100}
---------------------------------------------------------------

Corresponding to the above decoupling analysis, the driving forces of C6 countries\' decoupling were further quantified for the four phases defined in [Section 4.2](#s0075){ref-type="sec"} (see [Fig. 8](#f0040){ref-type="fig"} ).Fig. 8Decomposition results of decoupling indexes during 1996--2014.Fig. 8

During the first phase of 1996--2000: The per capita R&D expenditure effect was the main obstacle for the decoupling process in the C6 countries. Among them, the per capita R&D expenditure effect promotes the decoupling index of China, USA and India increased by \>1, indicating that the growth rate of carbon emissions caused by this factor is greater than the economic growth rate. The effect of the energy intensity effect and R&D efficiency effect on the decoupling index of C6 countries is \<1, which indicate that energy intensity effect and R&D efficiency effect are the two main determinants that promote the decoupling process of C6 countries. The former was the main favorable factor for the USA, Russia, and Germany, while the latter was the main favorable factor for China, India, and Japan. China and Germany could be characterized by strong decoupling, mainly because of the effect values of energy intensity, R&D efficiency and carbon emission coefficients are all negative, indicating that these three factors have caused the suppressive action in carbon emissions and have inhibited the growth of the decoupling index. Population effect only promoted the decoupling process in Russia with a value \<0, and inhibited the decoupling process in other countries. Energy intensity, R&D efficiency and per capita R&D expenditure effect followed a consistent direction in the decoupling process of the C6 countries. However, the action directions of carbon emission coefficient effect and energy mix effect differed strongly.

During the second phase of 2000--2005: Compared with Phase I, the R&D efficiency effect of the USA replaced the per capita R&D expenditure effect and became the largest inhibitor with the effect value of 0.3264. However, the per capita R&D expenditure was also the major obstacle for the decoupling process of carbon emissions and economy in China, India, Russia, Japan, and Germany. With regard to China, the energy mix and energy intensity effect converted the action direction, and together with the effect of per capita R&D expenditure and population, these became the major inhibitors of decoupling process. Only the impact of carbon emission coefficient and R&D efficiency is \<0, which promoted the decoupling process. The R&D efficiency effect, per capita R&D expenditure effect, and population effect have caused significant obstacles for the decoupling process in the USA, which promoted decoupling index growth by 0.3264, 0.2718 and 0.3399, respectively. However, due to the positive roles of the energy intensity effect and carbon emission coefficient effect with the effect value of −0.8278 and −0.0010, the USA mainly experienced weak decoupling. The promotion effect of the energy intensity effect on decoupling process exceeded the R&D efficiency effect, thus becoming the largest promoter of the decoupling process in India. Similar to Phase I, the per capita R&D expenditure effect was still the main obstacle for Japan\'s decoupling process with the effect value of 0.3943. Coupled with the weakening promotion effect of R&D efficiency effect, this suggests a pessimistic decoupling state for Japan.

During the third phase of 2005--2010: Great differences were found in the role of each effect in the decoupling process of C6 countries compared with the first two stages. The only commonality is that the energy intensity effect is a very important influencing factor whose effect is far \<0, which is beneficial to the realization of the decoupling process of C6 countries. The per capita R&D expenditure effect, as the main inhibitory force with the effect value of 1.3486, far exceeds the promotion effect of energy mix, energy intensity, and R&D efficiency, thus characterizing China as following weak decoupling. For the USA, the promotion effect of energy intensity and R&D efficiency on the decoupling process is almost twice as high as the inhibitory effect of per capita R&D expenditure effect on the decoupling process. Moreover, the population effect also plays an important role for inhibiting the decoupling process. The emergence of strong decoupling in Japan and Germany mainly originated from the promoting effect that the energy intensity effect exerts on the decoupling process. With regard to Russia, the energy intensity effect and the per capita R&D expenditure effect were the biggest promoter and suppressor of the decoupling process with the effect value of −0.3320 and 0.5975, respectively.

During the fourth phase of 2010--2014: The emergence of strong decoupling in the USA was mainly the result of the contribution of the energy intensity effect to the decoupling process with the effect value of −1.0297. This shows that the carbon emission reduction rate caused by the energy intensity effect is greater than the economic growth rate, which is very important for the coordinated development of carbon emissions and economic growth in the USA. In addition, carbon emission coefficient effect and energy mix effect also play an important role in the decoupling process in the United States with the effect value of −0.0222 and −0.2241, respectively. Unlike in the USA, in Germany, the emergence of strong decoupling was mainly the result of the promotion effect of energy intensity effect, carbon emission coefficient effect, R&D efficiency effect, and population effect on the decoupling process. However, none of the three contributing factors had a lower effect than −1, indicating that the carbon emission reduction rate caused by these three factors was less than the economic growth rate. India had the worst decoupling status among all C6 countries, which is mainly because only the energy intensity effect promoted the decoupling process, while other effects inhibited the decoupling process with the effect value is \>0. China, Russia, and Japan were all characterized by weak decoupling; however, for different reasons. For China, the per capita R&D expenditure effect had a strong inhibitory effect on the decoupling process with the effect value of 1.3955. However, due to the positive impact of the energy intensity effect with the effect value of −0.5180 and the R&D efficiency effect with the effect value of −0.5079, China stabilized at the weak decoupling state. The energy intensity effect had played the major driving force in Russia\'s decoupling process; however, it suppressed Japan\'s decoupling process. R&D efficiency effect was the main promoter of Japan\'s decoupling process but was the biggest obstacle for Russia\'s decoupling process.

5. Conclusions and policy recommendations {#s0105}
=========================================

This papery compared the decoupling of economy from CO~2~emissions of the top six CO~2~ emitting countries (China, USA, India, Russia, Japan, and Germany) during the period from 1996 to 2014. The extended LMDI model was employed to decompose the decoupling index into six drivers: carbon emission coefficient, energy mix, energy intensity, R&D efficiency, per capita R&D expenditure, and population.

The obtained results indicate that the decoupling states of C6 countries during Phase II and Phase IV were more concentrated in the first quadrant and the fourth quadrant than during Phase I and Phase III. This indicates that the connection between CO~2~ emissions and economic growth was more satisfactory during 2000--2005 and 2010--2014. In Phase III, due to the impact of the financial crisis, the decoupling states of C6 countries began to expand toward the third quadrant, under the premise that carbon emissions and economic output decreased simultaneously. Furthermore, the decoupling states in developed countries (USA, Japan, and Germany) were superior and more stable than those of developing countries (China, India, and Russia). Germany performed best among the developed countries, and China was most stable among the developing countries.

The per capita R&D expenditure effect played the major resistance for the decoupling between carbon emissions and economy in C6 countries. The effect of energy intensity and R&D efficiency related to technological progress were the main driving forces of the decoupling process. Per capita R&D expenditure effect, energy intensity effect, and R&D efficiency effect dominated the decoupling of developing countries, thus leading to a difference in decoupling performance. Population effect played an important role for suppressing the decoupling process between the USA and India. However, it only had a relatively small impact on other countries and has even promoted the decoupling process between Russia and Japan. The effects of carbon emission coefficient effect and energy mix effect on the decoupling process were relatively weak and thus did not exert a decisive role in the decoupling states.

CO~2~ emissions from China and USA far exceeded those of the other C6 countries. Therefore, China and the USA should actively assume the responsibility for emission reduction and increase their efforts to promote the decoupling process. To further promote the coordinate development of economic growth and environment, energy efficiency and R&D efficiency are supposed to improve as the basis of future decoupling efforts. Aggregate energy efficiency and R&D efficiency improved mainly as a result of technological progress ([@bb0300]). The overall technological levels of developed countries were better than those of developing countries. Developing countries can thus learn from developed countries (especially from Germany) how to promote technological advancement. In addition, the energy structure should be further optimized to fully utilize its emission reduction potential by prioritizing cleaner energy sources. It is essential to transform the development pattern of domestic economy and maintain stable economic growth. The promotion of low-carbon awareness through publicity and education is also important in daily life.
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